Introduction
============

Painful peripheral neuropathy is a debilitating complication of diabetes mellitus that has a profound negative impact on quality of life, sleep, and mood.[@b1]--[@b4] There are no drugs known to halt or reverse the progression of diabetic peripheral neuropathy (DPN), and the only current therapeutic options are analgesics and glucose control.[@b5],[@b6] A therapeutic approach that could stimulate growth or regeneration of peripheral nerves to impede or reverse the manifestations of DPN is needed.

Hepatocyte growth factor (HGF) is a multifunctional, mesenchyme-derived cytokine with potent neurotrophic, angiogenic, and antiapoptotic effects. HGF is trophic for peripheral sensory, sympathetic and motor neurons and enhances neuronal survival and axonal outgrowth both in vitro and in vivo.[@b7]--[@b16] The receptor for HGF, c-Met,[@b17] is expressed by Schwann cells as well as peripheral sensory and motor neurons.[@b10],[@b18],[@b19] Nonviral gene transfer of human HGF improved streptozotocin-induced diabetic neuropathy in rats and also improved neuropathic pain-related phenomena in rats.[@b20],[@b21] HGF also stimulated the synthesis of DNA, RNA, and protein in endothelial cells in a dose-dependent manner and attenuated high D glucose-induced endothelial cell death.[@b22],[@b23] HGF gene transfer induced the formation of collateral vessels and increased blood flow both in rat diabetic and nondiabetic hind limb ischemia models.[@b24],[@b25] The combined neurotrophic and angiogenic properties of HGF make it an ideal potential candidate for the treatment of painful DPN.

In humans, two isoforms of HGF are made from the same gene by differential splicing: one consisting of 723 amino acids (HGF~723~ or called dHGF) and the other of 728 amino acids (HGF~728~ or called cHGF).[@b26],[@b27] HGF~728~ and HGF~723~ share some, but not all, biological functions, and are different in terms of immunological properties. HGF has an in vivo half-life of less than 15 min.[@b28] Thus, a major challenge associated with delivering exogenous HGF to a target site is how to maintain effective doses for therapeutically meaningful lengths of time. One approach is to use nonviral gene therapy to maintain local concentrations of HGF at the sites of injection of the vector.

VM202 is a DNA plasmid that contains a genomic cDNA hybrid human HGF coding sequence expressing both isoforms of HGF simultaneously.[@b29] VM202 more efficiently induced migration of human umbilical vein endothelial cells and C2C12 cells when compared with DNAs expressing either of two isoforms, and it also improved cardiac function in a rat ischemic heart disease model more efficiently than an identical vector encoding only HGF~728~[@b29],[@b30] Consistent with these preclinical data, an open label phase I/II study in painful DPN and a phase I/II trial for critical limb ischemia showed that VM202 is safe and well tolerated.[@b31],[@b32] Furthermore, intramuscular (IM) VM202 administration provided significant symptomatic relief to patients in the open label study in DPN.[@b31]. In total these observations provide a strong rationale for a double-blind, placebo-controlled study to evaluate the safety, tolerability, and preliminary efficacy of HGF gene therapy in patients with painful DPN.

Materials and Methods
=====================

Study design
------------

This study was a phase II randomized, multicenter, double-blind, placebo-controlled study designed to assess the safety and efficacy of bilateral IM injections of VM202 in patients with painful DPN (<http://www.clinicaltrials.gov> registration number: NCT01475786). Potential subjects were evaluated from 17 sites. Patients were randomized within 60 days of screening using a block randomization scheme of 2:2:1 of 8 mg VM202 per leg (16 mg total dose; hereafter low dose \[LD\] group), 16 mg VM202 per leg (32 mg total dose; hereafter high dose \[HD\] group), and placebo (P) (saline injection). VM202 or placebo was administered via local IM injections in the calves, with half of the dose administered on Day 0 of the study and the second half administered 2 weeks later. Safety, tolerability, and preliminary efficacy (mean pain reduction and quality of life measures) were evaluated at baseline (screening) and at designated time points throughout the study period. Subjects were followed for 9 months.

Patient eligibility
-------------------

Eligible patients were men and nonpregnant, nonlactating women of ≥18 years to ≤75 years of age who had been given a primary diagnosis of painful DPN (type I or II diabetes with glycosylated hemoglobin A1C ≤10.0% and lower extremity pain for ≥6 months). Patients were also required to have a score ≥4 cm (0 cm = no pain -- 10 cm worst imaginable pain) on the Visual Analogue Scale (VAS) at initial screening, with a ≤5 point difference between legs using the symptoms portion from the brief pain neuropathy screening (BPNS), and a score of ≥3 on the examination component of the Michigan Neuropathy Screening Instrument (MNSI). Pain was confirmed by completion of a 7 day Daily Pain and Sleep Interference Diary after washout of prohibited medications. An average pain score ≥4 with a standard deviation ≤2 was required.

Exclusion criteria included neurologic disorders unrelated to diabetic neuropathy, peripheral neuropathy caused by conditions other than diabetes, other pain more severe than neuropathic pain, myopathy, inflammatory disorder of the blood vessels, active infection, chronic inflammatory disease, stroke, or myocardial infarction within the last 3 months, uncontrolled hypertension, any condition that could confound the study assessment, or recent treatment with any investigational drug or treatment in the past 12 months. In addition, patients were excluded if they were on immunosuppressive medications, were undergoing chemotherapy or radiation therapies, or had evidence (clinical, laboratory or imaging) of malignant neoplasm, except for fully resolved basal cell carcinoma of the skin. Patients also were excluded if they had any of the following abnormal laboratory findings: Hemoglobin **\<**8.0 g/dL, WBC \< 3000 cells/*μ*L, platelet count \<75,000/mm^3^, creatinine \>2.0 mg/dL; aspartate transaminase (AST) and/or alanine transaminase (ALT) \>3 times the upper limit of normal; positive HIV or HTLV serology; positive Hepatitis B or C serology. All patients underwent testing using the American Cancer Society Cancer Screening Guidelines as part of their baseline testing to rule out patients with cancer. Patients were also prohibited from taking daily doses of \>81 mg of acetylsalicylic acid, from taking any other COX-1/COX-2 inhibitors (which inhibit HGF activity) and from using opioids for symptomatic relief of DPN.

Materials
---------

VM202 is a 7377-base pair plasmid DNA that contains a genomic cDNA hybrid human HGF coding sequence expressing two isoforms -- HGF~728~ and HGF~723~.[@b29] It was designed by inserting an optimized truncated intron sequence into sites within HGF cDNA so that both isoforms of HGF protein are expressed simultaneously and efficiently. Because there is no change in the coding region of the HGF gene, HGF proteins generated from VM202 are identical to the wild-type human HGF proteins.

VM202 was supplied in sterile glass vials containing 2.5 mg of the lyophilized study product. The final doses of 8 and 16 mg per leg were divided evenly between the Day 0 and the Day 14 administrations. All subjects received thirty-two 0.5 mL injections IM per calf, per study visit using individual injection syringes prepared by the study pharmacist.

Injection sites were distributed evenly over the calf muscle. Patients receiving placebo received thirty-two 0.5 mL injections of saline per calf per visit. Patients receiving a final dose of 8 mg VM202 per leg received sixteen 0.25 mg/0.5 mL injections of VM202 and sixteen 0.5 mL injections of saline per calf per visit. Patients receiving the 16 mg VM202 final dose per leg received thirty-two 0.25 mg/0.5 mL injections of VM202 per calf per visit. A fine needle (e.g., 27 gauge, 1″) suitable for IM injections was used. Blinding of the treating clinician was maintained because VM202 and saline are visually indistinguishable.

Safety endpoints
----------------

A primary intent was to characterize the safety and tolerability of VM202 injections in the calf muscles of patients with DPN. The safety end points including adverse events (AEs), clinical chemistry, ophthalmologic examination using retinal fundoscopy, and physical exam were obtained at screening and during the 9 month follow-up period. Cancer screening included testing for cancer markers; pap smear and mammogram if not performed within past 12 months (females only); prostate specific antigen (males only); for patients ≥50 years old, colonoscopy within past 10 years; and x-ray or CT scan of chest. VM202 DNA concentration levels in whole blood were determined by quantitative real time polymerase chain reaction (QPCR) on Day 0 (preinjection, and 1--3 h post injection), Day 14 (preinjection, and 1--3 h post injection), and Days 21, 30, 60, and 90. The lower limit of quantitation (LLOQ) for VM202 in whole blood was 50 copies. The change from the baseline in serum HGF was assessed on Days 0, 14, 30, 60, and 90 using an enzyme-linked immunosorbent assay (ELISA) kit (R&D systems, Minneapolis, MN).

Efficacy endpoints
------------------

Several efficacy parameters were analyzed that focused primarily on reduction in pain and in other symptoms. The primary efficacy endpoint was the mean change from baseline in average pain score as determined by a 7 day Daily Pain and Sleep Interference Diary. The diary asks patients to rate their 24-h average daily pain intensity score using an 11 point Likert-type numerical rating scale from 0 (no pain) to 10 (worst pain possible). The diary was completed at screening following washout of prohibited medications and within 14 days prior to the 3, 6, and 9 months visits. Pain was also evaluated at each in-clinic visit using the visual analog scoring instrument (VAS). Patients were also assessed using brief pain inventory for patients with diabetic peripheral neuropathy (BPI-DPN) questionnaires,[@b33],[@b34] the MNSI,[@b35] and the patient\'s global impression of change (PGIC). VAS, and BPI-DPN were recorded at Days 0, 30, 60, 90, at 6 and 9 months. Patients' Global Impression of Change (PGIC) was recorded at Days 30, 60, 90, at 6 and 9 months. MNSI was conducted at 6 and 9 months to track disease progression. Skin biopsy was conducted at baseline and was repeated at 6 months along with the symptoms portion of the brief peripheral neuropathy screening (BPNS). Three millimeter skin biopsy samples were collected from the left ankle, proximal calf, and proximal thigh.

Statistical analyses
--------------------

A one-way analysis of variance (ANOVA) with treatment (VM202 16 mg per leg, VM202 8 mg per leg, or placebo) as the factor was used to compare the mean change in pain among the three treatment groups. Dunnett\'s test was used to compare the mean change in pain score between the 16 mg dose per leg to placebo and between the 8 mg dose per leg to placebo. The 95% confidence intervals of the mean pain score differences between dose groups and the placebo group are provided. No imputation was performed.

The PGIC responses at the Days 30, 60, 90, at 6 and 9 months visits were analyzed by the Generalized Estimating Equation with study group (HD, LD, and placebo) and visit as factors, and an unstructured working correlation matrix. Wald statistics were used to compare the differences among the three study groups and the six visits. The effect of HD and that of LD were then compared to the placebo groups since the Wald statistics showed that the treatment groups had statistically significant differences in PGIC.

Approvals
---------

This study was approved by the United States Food and Drug Administration, the Korean Ministry of Food and Drug Safety, the National Institutes of Health Recombinant DNA Advisory Committee (RAC), and the institutional review boards of all participating centers. This study was conducted in accordance with good clinical practice and the Declaration of Helsinki. All subjects provided written informed consent. [ClinicalTrials.gov](http://ClinicalTrials.gov) identifier: NCT01475786.

Results
=======

Baseline demographics and medical history
-----------------------------------------

Two-hundred and forty-five subjects were consented and formally screened (Fig.[1](#fig01){ref-type="fig"}). One hundred and forty-one subjects were screen failures; 104 were randomized. One subject withdrew prior to treatment. Five subjects were lost to follow-up or withdrew prior to the 9 month study visit. The reported safety data are based on all subjects that received any study medications (*n* = 103). The majority of subjects (77/103, 74.8%) were male (Table[1](#tbl1){ref-type="table"}). Seventy-one subjects (68.9%) were Caucasian; 12 (11.7%) were Black or African American; 17 subjects (16.5%) were Asian; and three subjects were characterized as "Other" (2.9%) (Table[1](#tbl1){ref-type="table"}). The average body mass index for all three treatment groups was 30 or higher. The majority of patients were taking one or more medications to manage the pain associated with DPN, and more than one-quarter of all subjects were on two or more such medications prior to study entry (HD: 26.2%, \[11/42\]; LD: 25%, \[10/40\]; P: 28.6%, \[6/21\]). A large percentage of subjects were on pregabalin, gabapentin, and/or duloxetine at study entry (HD: 61.9%, \[26/42\]; LD: 57.5%, \[23/40\]; P: 42.9%, \[9/21\]), and on opioids, NSAIDs, topical analgesics and/or tricyclic antidepressants (HD: 21.4%, \[9/42\]; LD: 30%, \[12/40\]; P: 28.6%, \[6/21\]). Efficacy data are reported in the Efficacy Population, which was determined in a blinded review after database lock. Patients were excluded by protocol due to confounding medication use (e.g., opioids or COX-1/COX-2 inhibitors which inhibit HGF activity), if they did not meet study entry criteria, or if they did not have 6 month data (lost to follow-up not due to AE) (Table S1). Eighty-four subjects met the efficacy group criteria: 17 in the P group, 31 in the LD group, and 36 in the HD group (Fig.[1](#fig01){ref-type="fig"}).

###### 

Demographics, comorbidities, and concomitant pain medications of the intention to treat population at baseline

  Statistics                                  High dose (*n* = 42)   Low dose (*n* = 40)   Placebo (*n* = 21)   Overall (*n* = 103)   *P*-value
  ------------------------------------------- ---------------------- --------------------- -------------------- --------------------- -----------
  Age                                                                                                                                 
   *N*                                        42                     40                    21                   103                   
   Mean ± SD                                  60.6 ± 10.2            60.2 ± 7.2            60.5 ± 8.3           60.4 ± 8.7            0.977
   Median                                     62                     62                    61                   61                    
   Min, Max                                   22, 74                 45, 71                47, 75               22, 75                
  Sex                                                                                                                                 
   Female                                     9 (21.4%)              11 (27.5%)            6 (28.6%)            26 (25.2%)            0.733
   Male                                       33 (78.6%)             29 (72.5%)            15 (71.4%)           77 (74.8%)            
  Race                                                                                                                                
   Asian                                      6 (14.3%)              5 (12.5%)             6 (28.6%)            17 (16.5%)            0.268
   Black                                      3 (7.1%)               7 (17.5%)             2 (9.5%)             12 (11.7%)            
   White                                      32 (76.2%)             27 (67.5%)            12 (57.1%)           71 (68.9%)            
   Other: American Indian                     1 (2.4%)               0 (0.0%)              0 (0.0%)             1 (1.0%)              
   Other: Black-Asian-Native American-White   0 (0.0%)               1 (2.5%)              0 (0.0%)             1 (1.0%)              
   Other: Native American                     0 (0.0%)               0 (0.0%)              1 (4.8%)             1 (1.0%)              
  Height (in)                                                                                                                         
   *N*                                        42                     40                    21                   103                   
   Mean ± SD                                  69.2 ± 3.1             69.0 ± 3.6            68.0 ± 3.6           68.9 ± 3.4            0.448
   Median                                     69.3                   69.0                  68.4                 69.1                  
   Min, Max                                   61.0, 75.7             62.0, 76.0            60.6, 74.8           60.6, 76.0            
  Weight (lb)                                                                                                                         
   *N*                                        42                     40                    21                   103                   
   Mean ± SD                                  223.2 ± 45.9           212.7 ± 44.8          196.3 ± 42.3         213.6 ± 45.4          0.083
   Median                                     217.5                  205.8                 192.9                209.0                 
   Min, Max                                   112.4, 315.9           132.3, 342.8          138.9, 278.9         112.4, 342.8          
  Body mass index                                                                                                                     
   *N*                                        42                     40                    21                   103                   
   Mean ± SD                                  32.6 ± 5.8             31.3 ± 5.6            29.7 ± 5.4           31.5 ± 5.7            0.147
   Median                                     32.4                   31.0                  29.8                 31.4                  
   Min, Max                                   17.9, 44.7             18.7, 43.4            21.1, 38.2           17.9, 44.7            
  Diabetes type, *n* (%)                                                                                                              
   Type 1                                     3 (7.1%)               3 (7.5%)              1 (4.8%)             7 (6.8%)              1.000
   Type 2                                     39 (92.9%)             37 (92.5%)            20 (95.2%)           96 (93.2%)            
  Duration of diabetes (years, mean ± SD)     16.0 ± 9.2             15.3 ± 13.0           15.3 ± 8.2           15.6 ± 10.6           0.948
  Duration of DPN (years, mean ± SD)          8.4 ± 5.1              6.7 ± 3.6             8.3 ± 5.0            7.7 ± 4.6             0.191
  Baseline pain score (mean ± SD)             6.6 ± 1.3              7.1 ± 1.3             6.6 ± 1.4            6.8 ± 1.3             0.187
  Pain medications at entry                                                                                                           
   1 drug, *n* (%)                            17 (40%)               18 (45%)              10 (48%)             45 (44%)              0.074
   2 drugs, *n* (%)                           8 (19%)                9 (23%)               0 (0%)               17 (17%)              0.113
   3 drugs, *n* (%)                           1 (2%)                 0 (0%)                0 (0%)               1 (1%)                1.000
   \>4 drugs, *n* (%)                         1 (2%)                 0 (0%)                0 (0%)               1 (1%)                1.000
  Anticonvulsant drug                         22 (52%)               19 (48%)              8 (38%)              49 (48%)              0.478
  Opioid                                      2 (5%)                 3 (8%)                0 (0%)               5 (5%)                0.829
  SNRI                                        3 (7%)                 5 (13%)               1 (5%)               9 (9%)                0.781
  Trcyclic antidepressant                     3 (7%)                 3 (8%)                0 (0%)               6 (6%)                1.000
  NSAID                                       7 (17%)                2 (5%)                1 (5%)               10 (10%)              0.245
  Acetaminophen/Paracetamol                   0 (0%)                 1 (3%)                0 (0%)               1 (1%)                0.538

Pain medications listed in this table only include concomitant medications taken for the treatment of pain from diabetic peripheral neuropathy. Anticonvulsant drug: pregabalin, gabapentin and clonazepam. Opioid: oxycontin, vicodin, and codein. Serotonin-norepinephrine reuptake inhibitor (SNRI): duloxetine. Tricyclic antidepressant: amitriptyline and nortriptyline. NSAIDs: ibuprofen, meloxicam, and naproxen. 7-day daily pain diary.

![Analysis populations in the study. Intent to treat (ITT) population: All subjects enrolled in the study for whom there were data (*n* = 103). One subject randomized to the high dose (HD) group withdrew consent prior to any treatment. Safety population: All subjects enrolled in the study who received any study injections. The safety population is the same as the ITT population (*n* = 103). Efficacy population: All subjects in ITT/safety population receiving all study injections, except for those subjects excluded by protocol in a blinded review after a database lock (*n* = 84). Exclusion criteria were as follows: does not meet the eligibility criteria or does not have 6 month data. Use of protocol prohibited COX1/COX2 inhibitors. Use of opioid medications. Two patients in the HD group (one for shoulder pain, one for chronic cough), and one patient in the LD group (hernia repair) were excluded for this reason.](acn30002-0465-f1){#fig01}

Safety and tolerability
-----------------------

There were no deaths or unanticipated AEs in this study. Over the course of the study, 10 subjects in the Safety Population experienced 13 serious adverse events (SAEs) (10/103, 9.7%). All SAEs were classified as unrelated to study drug or placebo. Four subjects in the HD group experienced five SAEs (4/43, 9.3%); three subjects in the LD group experienced three SAEs (3/39, 7.7%); and three subjects in the P group experienced five SAEs (3/21, 14.3%).

Over the course of the study, 202 minor AEs occurred in 69 (69/103, 67%) subjects. Most minor AEs were resolved at study closure (162/202, 80.2%) and the majority of the minor AEs were considered mild in severity (131/202, 64.9%). A total of 26 patients experienced Grade 1 minor injection site reactions (i.e., pain, itching, erythema, and/or bruising) with more than half (14) of the minor skin reactions occurring in the HD group. There were no significant abnormalities in the urinalysis, hematology, and clinical chemistry results across all treatment groups (data not shown).

Serum HGF protein levels were determined by ELISA pre injection on Day 0, immediately pre injection on Day 14, and on Days 30, 60, and 90. The lower limit of quantification (LLOQ) was 0.250 ng/mL of HGF for most assays and 0.500 ng/mL of HGF for the rest. Serum HGF protein levels remained relatively stable throughout the study (no peaks post injections) and were within normal range for patients with diabetes (data not shown).

VM202 plasmid levels in whole blood were determined by PCR at Day 0 (preinjection, and 1--3 h post injection), Days 14 (preinjection, and 1--3 h post injection), and Days 21, 30, 60, and 90. The LLOQ for copies of VM202 in whole blood was 50 copies/*μ*g genomic DNA (10 copies per reaction). In general, the highest numbers of VM202 copies in whole blood were detected in specimens collected at 2 h (±1 h) post injection in patients receiving VM202 treatment (up to ∼3.3 × 10^7^ copies/*μ*g). Copies of VM202 in whole blood were greatly reduced or completely negative within 1 week after VM202 dosing (data not shown).

Daily pain diary
----------------

The predetermined primary outcome measure was the Daily Pain and Sleep Interference Diary which quantified subjects' average 24 h pain and sleep interference. Completed diary data were available for all subjects in the Efficacy Population on Day 0, Day 90, and 6 months. At 9 months, data were missing for one subject in the P group, and one subject in the HD Group. There were no statistically significant differences in pain scores among study groups at screening. At 3 months, patients in the LD group experienced a significant reduction in pain compared to P group (*P* = 0.04) (Table[2](#tbl2){ref-type="table"} and Fig.[2](#fig02){ref-type="fig"}A). Pain reduction persisted at 6 and 9 months in the LD group but statistical significance was not maintained at these follow-up visits (Table[2](#tbl2){ref-type="table"}). The HD and P groups did not differ significantly at any timepoint although there was a trend toward improvement in the HD group. Much greater treatment effects were observed in the patients (49/84) who were not taking gabapentin and/or pregabalin during the study compared to the patients (35/84) taking those drugs (Fig.[2](#fig02){ref-type="fig"}B and Table[2](#tbl2){ref-type="table"}). Patients in the LD group who were not on gabapentin or pregabalin during the study experienced a 3.7-point reduction in pain at 3 months (*P* = 0.02 by ANOVA among the three groups), and a similar significant reduction in pain was maintained at 6 months (*P* = 0.03) and 9 months (*P* = 0.08). Pain reduction in the HD group was unaffected by the presence or absence of cotreatment with gabapentin or pregabalin. However, patients in the P group not on gabapentin/pregabalin experienced a smaller reduction in pain from baseline than patients in the HD group (Fig.[2](#fig02){ref-type="fig"}B and Table[2](#tbl2){ref-type="table"}).

###### 

Daily pain diary: changes in pain severity from baseline

  Population                                                         Visit/statistics   High dose (H)   Low dose (L)   Placebo (P)   ANOVA *P*-value   H vs. P *P*-value[1](#tf2-1){ref-type="table-fn"} 95% CI   L vs. P *P*-value[1](#tf2-1){ref-type="table-fn"} 95% CI
  ------------------------------------------------------------------ ------------------ --------------- -------------- ------------- ----------------- ---------------------------------------------------------- ----------------------------------------------------------
  Efficacy population (*n* = 84)                                     Day 90             *n* = 36        *n* = 31       *n* = 17                                                                                   
  Mean ± SD                                                          −1.90 ± 1.89       −3.03 ± 2.53    −1.53 ± 1.76   0.033         0.758             0.038                                                      
  95% CI                                                             −2.53, −1.26       −3.96, −2.10    −2.43, −0.62                 −1.76, 1.03       −2.93, −0.07                                               
  Median                                                             −1.9               −2.7            −1.7                                                                                                      
  Min, Max                                                           −6.4, 1.7          −8.6, 0.7       −5.1, 0.9                                                                                                 
  Month 6                                                            *n* = 36           *n* = 31        *n* = 17                                                                                                  
  Mean ± SD                                                          −1.94 ± 1.96       −2.78 ± 2.23    −1.59 ± 1.89   0.111         0.761             0.099                                                      
  95% CI                                                             −2.61, −1.28       −3.59, −1.96    −2.56, −0.62                 −1.70, 0.99       −2.56, 0.19                                                
  Median                                                             −2.1               −2.1            −0.9                                                                                                      
  Min, Max                                                           −5.4, 2.3          −7.9, 0.0       −5.0, 1.4                                                                                                 
  Month 9                                                            *n* = 35           *n* = 31        *n* = 16                                                                                                  
  Mean ± SD                                                          −2.01 ± 1.98       −2.98 ± 2.70    −1.95 ± 2.08   0.175         0.994             0.239                                                      
  95% CI                                                             −2.69, −1.32       −3.96, −1.99    −3.06, −0.84                 −1.60, 1.49       −2.60, 0.55                                                
  Median                                                             −1.9               −1.9            −1.9                                                                                                      
  Min, Max                                                           −5.6, 1.1          −8.9, 1.1       −6.6, 1.2                                                                                                 
  Subjects who were on gabapentin and/or pregabalin (*n* = 35)       Day 90             *n* = 17        *n* = 12       *n* = 6                                                                                    
  Mean ± SD                                                          −1.85 ± 1.80       −2.01 ± 2.87    −1.95 ± 1.47   0.979         0.991             0.997                                                      
  95% CI                                                             −2.77, −0.92       −3.83, −0.19    −3.50, −0.41                 −2.26, 2.47       −2.55, 2.43                                                
  Median                                                             −2.3               −1.1            −2.0                                                                                                      
  Min, Max                                                           −6.4, 0.7          −8.4, 0.7       −3.4, −0.3                                                                                                
  Month 6                                                            *n* = 17           *n* = 12        *n* = 6                                                                                                   
  Mean ± SD                                                          −1.87 ± 2.19       −1.70 ± 2.05    −2.36 ± 2.30   0.831         0.827             0.739                                                      
  95% CI                                                             −3.00, −0.74       −3.00, −0.40    −4.78, 0.06                  −1.85, 2.82       −1.80, 3.11                                                
  Median                                                             −2.3               −1.0            −2.6                                                                                                      
  Min, Max                                                           −5.4, 2.3          −6.6, 0.0       −4.9, 1.1                                                                                                 
  Month 9                                                            *n* = 16           *n* = 12        *n* = 5                                                                                                   
  Mean ± SD                                                          −2.00 ± 1.95       −2.06 ± 2.91    −1.66 ± 2.25   0.949         0.932             0.913                                                      
  95% CI                                                             −3.04, −0.95       −3.91, −0.21    −4.45, 1.13                  −3.12, 2.44       −3.29, 2.49                                                
  Median                                                             −1.5               −0.9            −2.0                                                                                                      
  Min, Max                                                           −5.6, 0.4          −7.3, 1.1       −4.4, 1.1                                                                                                 
  Subjects who were not on gabapentin and/or pregabalin (*n* = 49)   Day 90             *n* = 19        *n* = 19       *n* = 11                                                                                   
  Mean ± SD                                                          −1.94 ± 2.01       −3.67 ± 2.13    −1.30 ± 1.92   0.006         0.597             0.007                                                      
  95% CI                                                             −2.91, −0.97       −4.70, −2.65    −2.59, −0.01                 −2.39, 1.10       −4.12, −0.63                                               
  Median                                                             −1.6               −3.4            −1.7                                                                                                      
  Min, Max                                                           −5.4, 1.7          −8.6, −0.4      −5.1, 0.9                                                                                                 
  Month 6                                                            *n* = 19           *n* = 19        *n* = 11                                                                                                  
  Mean ± SD                                                          −2.01 ± 1.79       −3.46 ± 2.12    −1.17 ± 1.58   0.006         0.386             0.005                                                      
  95% CI                                                             −2.87, −1.14       −4.47, −2.44    −2.24, −0.11                 −2.45, 0.78       −3.90, −0.67                                               
  Median                                                             −1.9               −2.9            −0.9                                                                                                      
  Min, Max                                                           −5.4, 1.1          −7.9, −0.3      −5.0, 1.4                                                                                                 
  Month 9                                                            *n* = 19           *n* = 19        *n* = 11                                                                                                  
  Mean ± SD                                                          −2.01 ± 2.06       −3.55 ± 2.45    −2.08 ± 2.10   0.079         0.994             0.148                                                      
  95% CI                                                             −3.01, −1.02       −4.74, −2.37    −3.49, −0.68                 −1.84, 1.98       −3.38, 0.44                                                
  Median                                                             −1.9               −4.0            −1.9                                                                                                      
  Min, Max                                                           −5.4, 1.1          −8.9, −0.1      −6.6, 0.4                                                                                                 

Based on Dunnett\'s test.

![Mean pain scores on the daily pain diary expressed as change from baseline. (A) Scores for all patients in the efficacy population. The means, standard deviations, medians, minimum scores, and maximum scores are given in Table[1](#tbl1){ref-type="table"}. The low-dose (LD) group differed significantly from the P group at 3 months (\**P* = 0.04) by ANOVA with Dunnett\'s post hoc test. (B) Mean pain scores for patients not taking gabapentin or pregabalin. The LD group differed significantly from the P group both at 3 months (\**P* = 0.007) and at 6 months (\*\**P* = 0.005).](acn30002-0465-f2){#fig02}

Responder analysis
------------------

A responder analysis was conducted using the mean pain scores from the 7 day Daily Pain and Sleep Interference Diary. A responder was defined as a subject that experienced ≥50% reduction in mean pain from baseline. At 90 days, patients in the LD group had nearly threefold more responders than Placebo (*P* = 0.06; P: 17.6% responders, LD: 48.4% responders). Patients in the HD group had 27.8% responders which was not statistically significant compared to Placebo. By 6 months the number of responders in the LD group decreased to 38.7% and by 9 months to 41.9%, but still trended better than the P group (17.6% at 6 months and 25% at 9 months) and HD groups (25% at 6 months and 28.6% at 9 months). Analysis of responders reporting a \> 30% reduction in mean pain from baseline was similar. At 90 days patients in the LD group had twice as many responders as Placebo (P: 29.4% responders; LD: 58.1% responders).

BPI-DPN
-------

The BPI-DPN is a validated pain and quality of life measure for this patient population. Questions one through eight of the questionnaire evaluate pain severity, duration, and pain medications/treatments, and question nine (which is comprised of seven sub-questions) evaluates how the pain interferes with the patient\'s daily activities. It was administered on Day 0 before the treatment (injection), Days 30, 60, and 90, Months 6, and 9.

### Pain interference (BPI-DPN)

Patients in the LD group experienced an overall improvement, in general, in quality of life due to a reduction in pain. This included improvements in some or all of the following: activity, mood, walking ability, ability to work, relationship with other people, sleep, and overall enjoyment of life. Improvements achieved statistical significance in the LD group compared to P group at both 3 and 6 months (−45.29%, *P* = 0.046, and −37.90%, *P* = 0.046, respectively) (Fig.[3](#fig03){ref-type="fig"}A and Table[3](#tbl3){ref-type="table"}). Quality of life improved in the HD group more than in the P group at 6 months, but the difference was not statistically significant.

###### 

Brief pain inventory for patients with diabetic peripheral neuropathy: changes in pain interference from baseline

  Visit/statistics   High dose (H)   Low dose (L)   Placebo (P)    ANOVA *P*-value   H vs. P *P*-value[1](#tf3-1){ref-type="table-fn"} 95% CI   L vs. P *P*-value[1](#tf3-1){ref-type="table-fn"} 95% CI
  ------------------ --------------- -------------- -------------- ----------------- ---------------------------------------------------------- ----------------------------------------------------------
  Day 30             *n* = 36        *n* = 31       *n* = 16                                                                                    
  Mean ± SD          −1.29 ± 1.77    −1.87 ± 1.85   −1.40 ± 2.03   0.424             0.966                                                      0.592
  95% CI             −1.89, −0.69    −2.55, −1.19   −2.48, −0.32                     −1.13, 1.35                                                −1.74, 0.80
  Median             −0.9            −1.4           −0.6                                                                                        
  Min, Max           −6.0, 1.6       −5.9, 1.6      −6.7, 0.9                                                                                   
  Day 60             *n* = 36        *n* = 30       *n* = 16                                                                                    
  Mean ± SD          −1.30 ± 2.14    −2.02 ± 2.38   −1.09 ± 1.90   0.287             0.916                                                      0.273
  95% CI             −2.02, −0.58    −2.91, −1.13   −2.10, −0.08                     −1.68, 1.25                                                −2.44, 0.58
  Median             −1.5            −1.6           −1.1                                                                                        
  Min, Max           −6.7, 4.0       −8.0, 2.3      −4.0, 2.0                                                                                   
  Day 90             *n* = 36        *n* = 31       *n* = 16                                                                                    
  Mean ± SD          −1.81 ± 2.14    −2.31 ± 2.47   −0.80 ± 1.49   0.085             0.205                                                      0.046
  95% CI             −2.53, −1.08    −3.21, −1.40   −1.60, −0.01                     −2.45, 0.45                                                −2.99, −0.02
  Median             −1.9            −1.4           −0.6                                                                                        
  Min, Max           −6.1, 1.4       −7.4, 2.3      −3.6, 1.9                                                                                   
  Month 6            *n* = 36        *n* = 31       *n* = 16                                                                                    
  Mean ± SD          −1.51 ± 2.08    −2.38 ± 2.65   −0.79 ± 1.93   0.069             0.447                                                      0.046
  95% CI             −2.21, −0.81    −3.36, −1.41   −1.82, 0.23                      −2.24, 0.81                                                −3.15, −0.02
  Median             −1.2            −1.9           −0.6                                                                                        
  Min, Max           −5.9, 2.9       −7.4, 2.3      −4.0, 1.7                                                                                   
  Month 9            *n* = 36        *n* = 31       *n* = 15                                                                                    
  Mean ± SD          −1.61 ± 2.39    −2.45 ± 2.71   −1.41 ± 1.61   0.252             0.941                                                      0.267
  95% CI             −2.41, −0.80    −3.44, −1.46   −2.30, −0.52                     −1.83, 1.44                                                −2.72, 0.64
  Median             −1.4            −1.7           −1.6                                                                                        
  Min, Max           −6.3, 6.6       −8.0, 2.1      −3.6, 1.3                                                                                   

Based on Dunnett\'s test.

![(A) BPI-DPN pain interference scores expressed as change from baseline. The means, standard deviations, medians, minimum scores, and maximum scores are given in Table[2](#tbl2){ref-type="table"}. The LD group differed significantly from the P group both at 3 months (\**P* = 0.046) and at 6 month (\**P* = 0.046) by ANOVA with Dunnett\'s post hoc test. (B) Patient\'s global impression in change (PGIC) expressed as the % of patients who were much or very much improved. The LD group differed significantly from the P group (\**P* = 0.008) by the Generalized Estimating Equation for repeated measurements. BPI-DPN, brief pain inventory for patients with diabetic peripheral neuropathy; LD, low dose.](acn30002-0465-f3){#fig03}

### Pain severity (BPI-DPN)

Patients in the LD group experienced substantial reductions in pain at 3 and 6 months when compared to P group (−41.95%, *P* = 0.06, and −37.71%, *P* = 0.05, respectively) (Table[4](#tbl4){ref-type="table"}). Pain was reduced in the HD group more than in the P group, but the difference was not statistically significant.

###### 

Brief pain inventory for patients with diabetic peripheral neuropathy: changes in pain severity from baseline

  Visit/statistics   High dose (H)   Low dose (L)   Placebo (P)    ANOVA *P*-value   H vs. P *P*-value[1](#tf4-1){ref-type="table-fn"} 95% CI   L vs. P *P*-value[1](#tf4-1){ref-type="table-fn"} 95% CI
  ------------------ --------------- -------------- -------------- ----------------- ---------------------------------------------------------- ----------------------------------------------------------
  Day 30             *n* = 36        *n* = 31       *n* = 17                                                                                    
  Mean ± SD          −0.88 ± 1.48    −2.11 ± 2.02   −1.22 ± 1.59   0.016             0.702                                                      0.147
  95% CI             −1.38, −0.38    −2.85, −1.37   −2.04, −0.40                     −0.79, 1.47                                                −2.05, 0.26
  Median             −0.5            −2.0           −0.8                                                                                        
  Min, Max           −5.3, 1.8       −7.5, 0.8      −5.8, 1.0                                                                                   
  Day 60             *n* = 36        *n* = 30       *n* = 17                                                                                    
  Mean ± SD          −1.34 ± 1.88    −2.03 ± 1.76   −1.04 ± 1.60   0.144             0.775                                                      0.123
  95% CI             −1.98, −0.70    −2.68, −1.37   −1.87, −0.22                     −1.47, 0.87                                                −2.19, 0.23
  Median             −1.4            −2.0           −0.5                                                                                        
  Min, Max           −6.0, 2.0       −6.3, 1.0      −4.0, 1.5                                                                                   
  Day 90             *n* = 36        *n* = 31       *n* = 17                                                                                    
  Mean ± SD          −1.94 ± 1.98    −2.58 ± 2.47   −1.21 ± 1.85   0.108             0.378                                                      0.064
  95% CI             −2.61, −1.27    −3.49, −1.68   −2.16, −0.25                     −2.15, 0.67                                                −2.82, 0.07
  Median             −2.0            −2.3           −0.8                                                                                        
  Min, Max           −6.3, 1.8       −8.3, 1.0      −4.8, 2.3                                                                                   
  Month 6            *n* = 36        *n* = 31       *n* = 17                                                                                    
  Mean ± SD          −1.72 ± 1.81    −2.27 ± 2.22   −0.96 ± 1.81   0.093             0.303                                                      0.053
  95% CI             −2.33, −1.10    −3.08, −1.45   −1.89, −0.02                     −2.05, 0.53                                                −2.63, 0.01
  Median             −1.6            −1.8           −0.8                                                                                        
  Min, Max           −4.8, 2.0       −7.3, 1.0      −4.5, 2.3                                                                                   
  Month 9            *n* = 36        *n* = 31       *n* = 16                                                                                    
  Mean ± SD          −1.76 ± 2.14    −2.48 ± 2.49   −1.36 ± 2.19   0.228             0.762                                                      0.184
  95% CI             −2.48, −1.03    −3.40, −1.57   −2.53, −0.19                     −1.93, 1.13                                                −2.69, 0.44
  Median             −1.8            −2.0           −0.6                                                                                        
  Min, Max           −6.0, 4.8       −8.3, 1.5      −6.0, 2.8                                                                                   

Based on Dunnett\'s test.

Sleep interference and VAS
--------------------------

The degree to which neuropathy pain interfered with a subject\'s sleep was quantified using the 7 day Daily Pain and Sleep Interference Diary. Subjects reported the most reduction in sleep-interfering pain in LD group (44.28% reduction in sleep interference from baseline, as compared to 20.70% reduction in the P Group), but these improvements were not statistically significant (Table S2). Similarly, VAS scores measured at each in-clinic visit trended toward improvement, but no statistically significant improvement in sleep interference was observed.

Patient\'s global impression of change
--------------------------------------

The PGIC questionnaire measures a patient\'s perception of how treatment affected their level of activity, symptoms, emotions, and overall quality of life. Each descriptor was ranked on an intensity scale of 1 = very much improved; 2 = much improved; 3 = minimally improved; 4 = no change; 5 = minimally worse; 6 = much worse; and 7 = very much worse in comparison to the start of the study.

This test was self-administered on Days 30, 60, and 90, Months 6 and 9. Patients in the LD group reported the greatest degree of improvement at the 90 day, 6 and 9 month visits. At 90 days, only 17.6% (3/17) of patients in the P group were much or very much improved whereas 48.4% (15/31) of patients in the LD group and 30.6% (11/36) of patients in the HD group were much or very much improved (Fig.[3](#fig03){ref-type="fig"}B).

MNSI
----

The MNSI is comprised of a self-administered subject questionnaire (15 questions that require yes/no responses) and a physical evaluation that includes a foot inspection, vibration sensation testing, muscle stretch reflexes, and monofilament testing. The MNSI was conducted at Screening in order to confirm the diagnosis of DPN and at 6 and 9 months to track disease progression.

### Patient assessment

Patients in the LD group reported significant improvements at 6 months when compared with P group (P: −0.41 ± 1.87 vs. LD: −1.90 ± 2.04, *P* = 0.02). Improvements were sustained at 9 months, but were not significant when compared to P group.

### Physician assessment

There were no significant overall differences among treatment groups for the physical evaluation portion of the MNSI. However, both the LD and HD groups showed improvements in sensory threshold compared to P group on the monofilament test (Fig.[4](#fig04){ref-type="fig"}). At 6 months sensory threshold was improved or normal in only 22.6% (7/31) of the limbs of P group patients but was improved or normal in 37.0% (20/54) in the LD group and 33.9% (21/62) in the HD group. At 9 months sensory threshold was improved or normal in only 19.4% (6/31) of the limbs of P group patients but 41.5% (22/53) of the LD group and 27.4% (17/62) of the HD group.

![Monofilament test administered as part of the MNSI expressed as the percent of patients improved or normal. Scores are given for (A) right leg, (B) left leg, and (C) both legs. A significant number of subjects in the LD group at 9 months was experienced improvement in sensory threshold of their left leg as compared with the P group (\**P* = 0.05 by Fischer exact test). MNSI, Michigan Neuropathy Screening Instrument; LD, low dose.](acn30002-0465-f4){#fig04}

BPNS
----

The symptoms portion of the BPNS was assessed at prescreening and at Month 6 to evaluate the bilaterality of DPN symptoms. The bilateral nature of neuropathic pain remained the same at 6 months as at baseline, with no significant differences among treatment groups.

Intraepidermal nerve fiber density
----------------------------------

There were no significant differences in nerve density at 6 months among treatment groups at any of the sites tested (proximal calf, distal calf, or proximal thigh).

Discussion
==========

The goal of this study was to evaluate the safety as well as the efficacy of nonviral HGF gene therapy for painful DPN. There were no serious AEs associated with VM202 treatment either in this study or in a prior phase I/II of DPN,[@b33] and the plasmid was similarly well tolerated in a study of critical limb ischemia.[@b32] A small number of patients (27) experienced minor injection site reactions. The majority of the skin reactions (14) occurred in the HD group which did not experience significant improvement after treatment, obviating any concern about possible unblinding due to the skin reaction. The remainder of the skin reactions were divided among the LD (10) and placebo groups (3). The safety profile of VM202 thus strongly supports HGF gene therapy as an attractive potential therapeutic approach to DPN.

Although the HGF receptor, c-Met, is expressed by a number of different neuronal populations in the peripheral nervous system as well as by Schwann cells,[@b10],[@b18],[@b19] it is most abundantly expressed by nociceptive neurons in the dorsal root ganglion.[@b8] For this reason amelioration of pain was chosen as the primary endpoint for this study. Administration of a total of 16 mg (LD) of VM202 in two doses separated by 2 weeks resulted in a significant reduction in pain 3 months later as measured by the 7 day Pain and Sleep Interference Diary, significant improvements in the BPI-DPN at 3 and 6 months, significant improvements in the questionnaire portion of the MNSI, improvement in the PGIC, and improvement in sensory threshold evaluated by monofilament testing. These findings are similar to what was observed in a prior open label study of VM202 in DPN in which a similar dose reduced pain, as measured by an in-clinic VAS evaluation. However, there was no placebo comparator arm in that study, so no firm conclusion could be drawn about the efficacy of the treatment. The response of the placebo group in this study was consistent with that seen in the placebo arms of other pain studies in patients with DPN.[@b36] At 90 days, 48.4% of the patients in the LD group experienced a ≥50% reduction in pain compared to only 17.6% of placebo patients. On the PGIC at 90 days, 48% of patients in the LD group were much, or very much, improved whereas only 17% of patients in the Placebo group were much, or very much, improved. Thus, the findings in this study demonstrate a clinically significant therapeutic effect of treatment with VM202.

In the previous phase I/II study of three doses of VM202 there was a progressive enhancement of the therapeutic effect with increasing doses. The highest dose in that study was chosen as the LD in this study, and it was doubled for the HD in this study. The lower dose of VM202 in this study was clearly more effective than the higher dose in all measures. Thus, VM202 displayed a typical dose--response curve at lower pharmacological doses with a bell-shaped dose--response effect at a very HD, a common feature of many drugs and biological agents.[@b37]--[@b40] Particularly germane to this study, many growth factors including fibroblast growth factor (FGF), nerve growth factor (NGF), vascular endothelial growth factor (VEGF) and others have been shown to have biphasic dose--response effects on neurite outgrowth both in culture and in vivo (for review see [@b39]). Furthermore, such a biphasic dose--response curve has been previously shown for HGF in a different system.[@b40] Numerous mechanisms have been proposed for such bell-shaped dose--response curves[@b39],[@b40] and any of them could underlie the dose--response curve for VM202. For many drugs dosing is limited by side effects/toxicity, so the bell-shaped part of the efficacy curve is never reached. One of the striking features of the HGF treatment is that there were virtually no side effects which probably reflects the fact that the treatment was local rather than systemic. The lack of side effects allowed us to push the dose to an extremely high level that reached the bell-shaped part of the dose curve. Thus, in both studies the maximal effects were observed at a total dose of 16 mg administered in divided doses over 2 weeks. The effects of the treatment appeared to be maximal at 3 months and to diminish thereafter, suggesting that retreatment at that time might be beneficial.

It was noteworthy that patients not on pregabalin or gabapentin experienced even greater improvements in pain reduction at all time points for both doses of VM202. Patients who were not on gabapentin or pregabalin during the study experienced a remarkable 3.7-point reduction in pain at 3 months after treatment with the 16 mg dose (LD) of VM202. As there were no observable differences between these patient populations for any demographic, HbA1C levels, duration of disease, or pain at study entry, this finding may suggest that the mechanism of action of these drugs somehow attenuates HGF activity. Several studies have demonstrated that pregabalin and gabapentin reduce synaptic vesicle release of a wide range of neurotransmitter substances, both excitatory and inhibitory. This includes release of gamma aminobutyric acid (GABA).[@b41],[@b42] As HGF has been shown to increase GABA production in numerous neurological disorders,[@b43]--[@b51] a possible reduction in the inhibitory effects of GABA could result in a reduced therapeutic effect for VM202. Similarly, NMDA activation appears to be requisite for gabapentin and pregabalin activity.[@b41] As HGF decreases synaptic localization of NMDA receptor subunits and inhibits signaling through this receptor,[@b52] activation of NMDA receptors by gabapentin and pregabalin might limit VM202s ability to fully attenuate this neuroexcitatory pathway. Alternatively there may be an unknown variable in the subgroup of patients who have failed with, or are not taking, pregabalin or gabapentin therapy that makes them more responsive to HGF gene therapy. Regardless of the underlying mechanism, the availability of an effective therapy for such patients would be particularly beneficial since there are few effective alternative therapies for them.

One of the features of HGF therapy that distinguishes it from all other currently available approaches to DPN is its potential for disease modification as well as symptom reduction, although such a potential has not yet been demonstrated in clinical trials. Because the treatment preferentially targets smaller fiber (C) rather than large fiber function, electrophysiological examination would be less likely to be revealing. The intradermal nerve fiber density data in this study were inconclusive, but this is not unexpected since the patients received a single course of treatment and the skin biopsies were performed 6 months later. If HGF therapy is actually able to modify DPN, changes in intradermal nerve fiber density would more likely be observed after more prolonged therapy with retreatment at 3 or 4 month intervals. In damaged nerves, c-Met, the HGF receptor, is expressed by medium diameter sensory fibers (A*δ* and A*β*) as well as small fibers.[@b18] Interestingly, the monofilament test of A*δ* and A*β* fibers[@b53] that was conducted as part of the MNSI evaluation showed a strong trend toward improvement in sensation at 6 months with continued improvements at 9 months. The monofilament testing was not a primary outcome measure and was only part of the MNSI evaluation. Nevertheless, it was one of the only tests of sensory function, and the improvements in treated patients raise the possibility that VM202 has a disease modifying effect separate from effects in reducing symptoms. Prospective use of the Semmes Weinstein monofilament examination in a future pivotal study to quantify the number of insensate sites might provide indirect evidence of disease modification.

Regardless of whether VM202 is able to modify the disease, it was well tolerated and effective in reducing symptoms indicating the feasibility of a nonviral gene therapy approach to painful DPN. Two days of treatment were sufficient to provide symptomatic relief with improvement in quality of life for 3 months. Moreover, VM202 appeared to be particularly beneficial for patients who either failed gabapentin or pregabalin or were not on the drugs for other reasons, so the availability of VM202 as a therapy could potentially provide an effective approach to this group of patients.
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